Objective-Conversion of macrophages to foam cells is a critical step in the initiation and progression of atherosclerosis.
A therosclerosis is initiated by deposition into the artery wall of cholesterol-rich lipoproteins, which become oxidized and taken up into macrophages. The resulting foam cells are believed to play several key roles in orchestrating atherogenesis. 1, 2 For example, secretion of cytokines and growth factors from foam cells most likely initiates fibrous cap formation. In the late stages, overproduction of inflammatory mediators, reactive oxygen species including nitric oxide (NO) and extracellular proteases is believed to result in cell death and net destruction of extracellular matrix. Together these lead to lipid core formation and thinning of the fibrous cap, both of which favor plaque instability and myocardial infarction. 3, 4 Genomic methods have been applied to atherosclerotic and normal tissues with the hope of identifying diseaserelated genes to further elucidate pathogenetic mechanisms and define new targets for intervention. 5, 6 A major obstacle for characterizing atherosclerotic tissue is however its heterogeneous cellular composition of endothelial cells, smooth muscle cells, macrophages, T-lymphocytes, fibroblasts, mast cells, neutrophils, erythrocytes, and a variety of secreted proteins. 1 An alternative has been to study vascular cells exposed to inflammatory mediators or oxidized lipoproteins in vitro. [7] [8] [9] However, these interventions inevitably recapitulate only part of the in vivo process of foam cell formation. In this study we took advantage of established methods to simply isolate abundant pure populations of foam cells and nonfoamy macrophages from subcutaneous sponges implanted into live rabbits fed cholesterol-rich or normal chow diets, respectively. 10, 11 The foam cells so generated are very similar to those in atherosclerotic plaques. 11 We compared expression patterns using suppression subtraction hybridization (SSH), which is suitable for rabbits and is able to detect lowabundance transcripts. Differential expression of genes was confirmed by semi-quantitative polymerase chain reaction (PCR) before selecting candidates for protein expression and functional investigations. Finally, we validated differential expression of selected genes in foam cells of atherosclerotic plaques.
Materials and Methods
Please see details in the online supplement available at http://atvb.ahajournals.org.
New Zealand White rabbits (Harlan, UK) fed a 1% cholesterolsupplemented or normal chow diet had sterile sponges placed under the dorsal skin to generate foam cell macrophages (FCMs) or nonfoamy macrophages (NFMs), respectively, as described previously. 10 Endarterectomy specimens were made available from the AtheroExpress biobank. 12 Human blood mononuclear cells differentiated with 20 ng/mL human macrophage colony-stimulating factor at 37°C for 8 days were incubated with 100 g/mL fully oxidized low-density lipoprotein (LDL) to generate FCMs.
SSH was performed on equal amounts of total RNA pooled from 2 and 3 preparations of FCMs and NFMs, respectively, using the PCR-Select subtraction kit (BD Biosciences) according to the manufacturer's instructions. Clones showing differential expression were sequenced and homology searches were performed using Mega Blast against all GeneBank DNA sequences. Semi-quantitative reverse-transcription PCR was performed for various numbers of cycles to avoid saturation. Products separated on agarose gels were analyzed by densitometry and normalized to 18S rRNA.
Hydrolysis of arginine to urea was measured in cell lysates and normalized against cell number or protein levels (bicinchoninic acid protein assay, Pierce). NO was measured as nitrite by a modified Griess assay.
Immunocytochemistry was conducted on 5 m sections from formaldehyde-fixed paraffin-embedded tissues using mouse monoclonal RAM-11 (anti-rabbit alveolar macrophage; Dako), monoclonal anti-human CD68 antigen (Dako), or anti-human arginase-I (cat 612621; BD Biosciences).
Data were compared using the unpaired Student t test or the Mann-Whitney test, with or without logarithmic transformation as indicated.
Results

Cell Yield, Purity, and Viability
Sponges yielded 18Ϯ3ϫ10 6 (range, 1.5 to 60ϫ10 6 ; nϭ24) FCMs and 4Ϯ1ϫ10 6 (range, 0.8 to 12ϫ10 6 ; nϭ13) NFMs per rabbit, similar to previously reported values. 10, 11 FCMs were Ͼ98% Oil red O-positive, confirming cholesterol loading, whereas NFMs did not stain ( Figure 1A , 1B). FCMs and NFMs consisted of Ͼ98% macrophages by RAM11 positivity ( Figure 1C, 1D) . Day 3 cultures of FCMs and NFMs were 99% viable by exclusion of Trypan blue (results not shown).
SSH
The libraries generated from the forward (upregulated in FCMs) and reverse (upregulated in NFMs) subtraction contained 1300 and 1344 clones, respectively. Initial radioactive screening identified 88 and 147 clones that were potentially overexpressed in FCMs and NFMs, respectively, of which 47 and 114 were found to be unique.
Upregulated Genes
At least 12 different FCMs and NFMs isolates were used to produce cDNA for semi-quantitative PCR. Because GAPDH was found to be upregulated in NFMs preparations (1.8 fold, nϭ8/group; Pϭ0.023), 18S rRNA levels were used to normalize our results (Pϭ0.94; nϭ8/group). Six cDNA preparations from FCMs and NFMs were compared in triplicate under linear conditions. Of 27 candidate genes tested from the forward subtraction, we confirmed upregulation of 3 ( 
Downregulated Genes
Of 23 genes we tested from the reverse subtraction, we found 11 significantly downregulated by semi-quantitative PCR 
74).
Arginase converts L-arginine to urea and ornithine hence we measured urea production from arginine to investigate whether differential arginase-I mRNA expression led to a difference in arginase activity in FCMs and NFMs homogenates. There was no urea production without the addition of arginine (not shown). Arginase activity in NFMs preparations was highly variable (Figure 2A , 2B , nϭ6/group; Pϭ0.0087). Because arginase-I and nitric oxide synthase (NOS) compete for L-arginine as substrate, we hypothesized that NO synthesis might be increased in FCMs compared with NFMs. Indeed, NO production measured as nitrite accumulation was significantly greater in the medium conditioned by FCMs than NFMs (12.6 versus 4.9 nmol ⅐ 48 hours Ϫ1 ⅐ mg protein Ϫ1 ; Pϭ0.015 and 0.54; versus 0.13 nmol ⅐ 48 hours Ϫ1 0.10 6 cells Ϫ1 , Pϭ0.001; nϭ14 and 10, respectively). Consistent with the variable arginase levels in NFMs some preparations had very low levels of nitrite production ( Figure 2C , 2D). We considered whether differential expression of NOS isoenzymes might provide an alternative explanation for these data. There was, however, no difference in nNOS (1.42Ϯ0.18 versus 1.30Ϯ0.20; Pϭ0.68) or iNOS (1.45Ϯ0.35 versus 1.83Ϯ0.22; Pϭ0.38) mRNA levels between FCMs and NFMs, whereas no mRNA for eNOS was found. We concluded that decreased arginase-I activity in FCMs led to an increase in arginine availability to NOS isoforms and hence increase NO production.
Validation of Differential Gene Expression in Atherosclerotic Plaques and Oxidized LDL-Treated Human Macrophages
Bulk measures of mRNA and protein could not be relied on to validate differential expression in atherosclerotic plaque macrophages because plaques also contain other cell types. Therefore, we had no choice but to rely on immunocytochemistry. We chose to study MMP-12 and arginase-I as an example of an upregulated and a downregulated gene because antibodies were available for both proteins. MMP-12 was undetectable in normal rabbit arteries (not shown). Weak staining for MMP-12 was found in foam cells of fatty streaks ( Figure 3A to 3D) . MMP-12 staining was also weak in macrophages in the superficial layers of advanced rabbit plaques (supplemental Figure I , available online at http:// atvb.ahajournals.org) but was abundant and tightly colocalized with FCMs deep within the plaques (Figure 4E to 4H). This pattern replicates the distribution of MMP-12 previously reported in human atherosclerotic plaques. 13, 14 Arginase-I was found in foam cell macrophages in fatty streaks ( Figure 4A, 4B ) but was also found in nonmacrophages, presumably smooth muscle cells (arrows in Figure  4A ). In advanced rabbit atherosclerotic plaques, arginase-I was also present in the superficial nonfoamy macrophages (arrows in Figure 4C ) and adventitial nonfoamy macrophages ( Figure 4E ). It was also expressed by foam cells and nonmacrophage cells underlying the fibrous cap of advanced plaques (above the dotted line in Figure 4C ). However, arginase-1 was downregulated in subjacent FCMs deeper within the plaques (below the dotted line in Figure 4C and 4D) , despite the strong RAM11 positivity of both superficial and deep foam cells ( Figure 4D ). In human carotid atherosclerotic plaques, arginase-I was also widely distributed in the superficial cell layers (eg, above the dotted line in Figure 4G ), including in CD68-positive macrophages ( Figure 4H ). However, arginase-I was absent from macrophages in subjacent layers (eg, below the dotted line in Figure 4G ), despite the abundance of CD68 staining ( Figure 4H ). In sections from other plaques arginase-I was consistently absent from macrophages that were close to or within a lipid core (not shown). Neither MMP-12 nor arginase-1 mRNA levels were significantly changed when human monocyte-derived macrophages were treated with oxidized LDL for 5 days in vitro although other positive control genes including MMP-1 were upregulated (results not shown).
Discussion
Main Findings
Ours is the first genomic study we are aware of to compare foamy and nonfoamy macrophages produced in vivo. SSH identified 3 novel upregulated and 11 downregulated genes in foam cells. Using MMP-12 as an example, we confirmed that increase mRNA levels translated into increased protein secretion for this gene. Using arginase-I (the most downregulated gene) as a second example, we validated that the difference in gene expression translated into a difference in enzymatic activity. Moreover, we showed that this had functional consequences for NO production, which is believed to play an important role in atherogenesis. Finally, we validated that MMP-12 was upregulated and arginase-I downregulated in a specific population of FCMs in advanced atherosclerotic plaques.
Advantages and Disadvantages of Our Approach Compared With Previous Studies
Because foam cell formation is believed to be a key event in atherosclerosis, several previous approaches have been applied directly or indirectly to define the foam cell transcriptome. Genomic studies comparing atherosclerotic plaques and normal tissues found many marker genes for activated macrophages. 15 However, such studies probably reflect the different proportion of cells present rather than changes within any particular cell type. 9, 16 Laser microdissection allowed the isolation of plaque macrophages for genomic studies and differentially expressed genes have been identified. 9, 15, 17 However, dissected samples are too small for metabolic studies to investigate the functional significance of these changes. 5, 6 Therefore, we were keen to exemplify (using arginase-I) the possibility that such metabolic studies can be performed using our approach. An alternative has been to simulate macrophage activation and the formation of foam cells in cultured human monocytes/macrophages or cell lines. The limitation of these in vitro studies is that they do not necessarily replicate the complete process of foam cell formation in vivo.
Comparison of Our Findings With Previous Literature
In our SSH screen, we found that 161 genes appeared differentially regulated in FCMs and NFMs derived from rabbits given a cholesterol-rich or normal diet, respectively. We further tested 50 of these using reverse-transcription PCR and confirmed differential expression for 14 genes, a proportion of false-positives that is comparable to other studies. 16, 18, 19 It is difficult to compare directly results from SSH with microarrays because SSH is less comprehensive and genes belonging to families can be cross-subtracted and therefore missed. However, SSH can be used in species such as rabbits where the genome is not yet fully defined. SSH also potentially identifies low-abundance genes that might be missed in arrays. With these limitations we found changes in expression of the same categories of genes as microarray studies.
Among the proteolytic enzymes, we found that MMP-12 was upregulated in FCMs compared with NFMs. Interestingly, MMP-12 knockout decreases atherosclerosis and plaque vulnerability in mice, 20 whereas overexpression of MMP-12 promotes plaque progression in transgenic rabbits. 14 Hence, upregulation of MMP-12 during foam cell formation appears to play an important pathogenetic role. We found that loading human monocyte derived macrophages with oxidized LDL did not change MMP-12 expression. From previous studies, differentiation of human monocytes to macrophages or THP-1 cells with PMA significantly increased expression of many genes including MMP-9 and MMP-14. However, addition of mildly oxidized LDL did not produce any further changes in gene expression. 21 Stimulating PMA differentiated THP-1 cells with fully oxidized LDL increased expression of several extracellular proteases and decreased that of others, but MMP-12 was not included in either category. 8 Liang et al 14 also reported that oxidized LDL failed to stimulate MMP-12 production from U937-derived macrophages. This implies that MMP-12 upregulation occurs in macrophages that have undergone lipid loading plus additional phenotypic changes.
In addition, we found that a proteasome subunit, a peptidase, and cathepsin K were downregulated in FCMs compared with NFMs. An association between foam cell formation and lack of cathepsin K in mice has been recently reported. 22 The upregulation of LOX-1 during foam cell formation is a novel finding but is supported by previous studies showing that LOX-1 is present in macrophages in advanced human atherosclerotic lesions. 23 LOX-1 is upregulated in macrophages by tumor necrosis factor-␣, 24 advanced glycation products, 25 high glucose 26 and histamine, 27 and downregulated by lovastatin. 28 We are presently developing reagents to pursue the functional consequences of LOX-1 upregulation in foam cells. The upregulation of an inhibitor of AKT suggests that FCMs might be more susceptible to apoptosis than NFMs. However, we observed similar high levels of viability and low levels of cleaved caspase-3 staining in FCMs and NFMs (results not shown). The downregulation of adhesion molecules and cytoskeletal proteins (fibronectin, thrombospondin and nesprin) might affect motility and adhesion. Decreased acyl-coenzyme A synthetase expression in FCMs might point toward lower fatty acid metabolism in FCMs. Further studies are needed to address these possibilities.
The most statistically significant change we observed was the average 2.7-fold reduction in arginase-I mRNA in FCMs. Because the correlation between mRNA and protein is often not linear, 6 it was important to validate our SSH results with measurements of enzymatic activity, which showed, on average, much lower arginase-I activity in FCMs. Cytosolic arginase-I occurs in hepatocytes, where it is an integral part of the urea cycle. It is also induced in a number of vascular cells, including endothelial cells, smooth muscle cells, and macrophages by Th2 cytokines including IL-4, IL-10, and IL-13, and granulocyte macrophage colony-stimulating factor. 29 -31 By contrast, arginase-I is downregulated in macrophages by the Th1 cytokine, interferon-␥. 31 Neither our study nor a previous genomic analysis found downregulation of arginase-I directly from loading of macrophages with oxidized LDL. 8 This complex pattern of regulation may explain the striking biological variability in the arginase activity in NFMs derived from different rabbits (Figure 2A, 2B) . Mitochondrial arginase-II is found constitutively at low levels in the mitochondria of most cells, 32 consistent with our reversetranscription PCR data in FCMs and NFMs. Arginase converts arginine to ornithine and urea and competes directly for substrate with NOS. The K m for arginase is 2 to 20 mmol/L compared with 2 to 20 mol/L for the NOS enzymes, but the V max of arginase at physiological pH is generally 1000 times that of the NOS enzymes, which therefore have a similar rate of arginine consumption 32 ; this is the so-called arginine paradox. Indeed, arginase activity in our experiments exceeded the rate of nitrite production by Ϸ3000 fold. Consistent with the ability of arginase-I to regulate NO production, we found that FCMs produced 3-fold more nitrite than NFMs ( Figure 2C, 2D) , even though nNOS and iNOS expression was the same and endothelial NOS was undetectable.
In general, further in vivo experiments, most likely in genetically modified mice, would be needed to investigate the pathological role of differentially expressed genes identified in a genomic screen. However, in the case of macrophage arginase-I, an experiment of nature has already identified a correlation between low levels of the enzyme and atherogenesis. Teupser et al 19 recently reported that peritoneal macrophages from an atherosclerosis-prone strain of rabbits had lower levels of arginase-I expression. This implies that lower arginase-I levels favor atherosclerosis. Our new data show that foam cell formation further lowers arginase-I levels, and it would be interesting to compare arginase-I levels in the foam cells of the atherosclerosis prone and wild-type rabbit strains. Whether arginase-I is protective against atherosclerosis simply by reducing NO production is an unanswered question. A wealth of evidence suggests that endothelial NO production (from endothelial NOS) is protective against atherosclerosis by, for example, causing vasodilatation, reducing LDL oxidation, and reducing monocyte recruitment to lesions. 33 However, macrophage NO production (most actively from iNOS) is probably harmful, 34, 35 because iNOS knockout attenuates atherosclerosis in apolipoprotein E knockout mice. 36 High levels of NO and superoxide within the lesions creates conditions favorable for formation of peroxynitrite, which may cause injury as a consequence of protein nitration. 37 High levels of NO from macrophages also cause apoptosis of smooth muscle cells, 34 which could promote plaque instability. It is reasonable to conclude that downregulation of arginase-I and the consequent upregulation of NO production in foam cells most likely enhance their pathological potential.
Validation of Expression Changes in Atherosclerotic Plaques
Previous studies showed a consistent pattern of MMP-1 and MMP-3 expression between granuloma-derived and atherosclerotic plaque foam cells. 38 To further validate our approach, we studied MMP-12 and arginase-I as examples of upregulated and downregulated genes. We used immunocytochemistry to overcome the problem of expression from other vascular cells. We found that MMP-12 was not greatly upregulated, nor was arginase-I apparently downregulated in foam cells of early fatty streaks formed after 4 weeks of cholesterol feeding. However, both MMP-12 upregulation and arginase-I downregulation did occur in the deep layers of advanced lesions formed after 8 weeks of cholesterol feeding. Consistent with our data, MMP-12 upregulation was previously reported in foam cells of advanced rabbit atherosclerotic plaques formed after 16 weeks of cholesterol feeding. 39 In human plaques, MMP-12 upregulation was reported to be confined to foam cell macrophages surrounding the lipid core of human carotid atherosclerotic plaques. 13 We found a similar distribution in human carotid plaques for foam cells with arginase-I downregulation. One possibility we considered is that this gene expression pattern might be selective for foam cells undergoing apoptosis. This is unlikely, however, because, as mentioned, apoptosis was low in both FCMs and NFMs. In addition, a previous study 40 demonstrated very low levels of apoptosis in atherosclerotic plaques of rabbits treated according to our protocol. Our immunolocalization studies therefore provide addition support for the conclusion that MMP-12 upregulation and arginase-I downregulation require lipid loading and additional phenotypic changes.
